Abstract-Partial discharge inception voltage (PDIV)and /or repetitive PDIV (RPDIV) tests must be performed in order to design and qualify Type I insulation system of electrical rotating machines driven by voltage converters. RPDIV is measured under voltage surges. Compared to PD detections at sinusoidal voltages (PDIV), these measurements are more complex, since the spectrum of the disturbance produced by the impulse generators might overlap with that of PD pulses. Therefore, the PD detection system design, the selection of impulsive voltage parameters and PD detection procedure should be carefully reviewed to obtain consistent RPDIV values. We have reported that rise time and frequency of repetitive impulsive voltage can influence PD features significantly, both in the time and frequency domain. Thus, the voltage impulse parameters should be carefully selected to improve RPDIV measurements. In this study, the influence of square wave voltage duty cycle on PD statistical features is studied resorting to crossed enameled wires. Based on a large number of PD tests performed under bipolar voltages of different duty cycles, results show that short duty cycles can induce asymmetry in the PD patterns and reduce the probability of incepting PD activities. Moreover, impulse voltage with low duty cycle gives rise to more than one PD at the voltage falling flanks of each cycle, very close to the peak of the disturbance impulses. This phenomenon could hide acquisition of PD pulses, causing not accurate RPDIV estimates when performing qualification and type types on inverter-fed rotating machines according to IEC standards. Therefore, impulsive voltage waveforms having duration time larger than 100 μs should be selected to increase the probability of incepting and detecting PD when performing RPDIV measurements.
I. INTRODUCTION
Electrical rotating machines driven by power electronic converters are subjected to voltage surges with high magnitude, slew rate and repetition frequency. Depending on the rise time of inverter and the length of the cable connecting the machine to the inverter, the overvoltage at the machine terminal can reach more than two times the DC bus voltage. Moreover, uneven turn voltage distribution will cause excessive electrical stress on the line-side turns. When the voltage exceeds the partial discharge inception voltage (PDIV), PD will occur with high probability at every voltage surge, leading the insulation to failure in short times.
The International Electrotechnical Commission(IEC) has issues (or is close to issue in the latter case) two standards, i.e. IEC 60034-18-41 and IEC TS 60034-18-42 for Type I (organic) and Type II (mixed organic-inorganic) insulation systems of rotating machines. According to the former, PDIV or RPDIV tests should be performed in Type I rotating machine insulation system specimens (or whole stators) to ensure that PD will not occur when connected to inverters. However, while PD detection under sinusoidal voltages is a mature and relatively simple technology, PD tests carried out under impulsive voltages are still to be fully developed.
We have reported that the rise time and frequency of repetitive impulsive voltages can influence PD features significantly, both in the time and frequency domain [1, 2] . Thus, the voltage impulse parameters should be carefully selected to improve RPDIV measurement accuracy and effectiveness. Here, the influence of square wave voltage duty cycle on PD statistical features is studied resorting to crossed enameled wires. A large number of PD tests were performed under bipolar voltages of different duty cycles. In the following, results of these tests showing how much duty cycle can influence PD behavior, are reported.
II. EXPERIMENTAL SETUP
The PD test assembly is shown in Fig. 1 . An impulse generator manufactured by TechImp produces the repetitive square voltage waveforms. PD tests at bipolar repetitive square wave voltages were performed on single-point contact crossed pairs made of wires insulated by polyamide-imide enamel [3] .The diameter of the wire is 1.4 mm, the insulation thickness 50 μm. The peak-to-peak voltage, frequency and rise time were kept at 2.7 kV, 50 Hz and 1000 ns, respectively. The crossed wire specimens were put in a climate chamber to keep the temperature and relative humidity at 25 °C and 40 % respectively.
Fig.1. PD test assembly
The pulse width positive voltage was changed from minimum 1 μs to maximum 10000 μs (i.e. duty cycle 0.005% to 50.0%). To measure PD characteristics, a 2 GHz bandwidth, 16 GS/s digital sampling oscilloscope (LecroyWavepro 960) was used, together with the Techimp PDBase. The sampling rate was set at 8 Gs/s. A high voltage probe (TektronixP5201, 50 MHz bandwidth, 1000:1 voltage ratio) was used as a divider and it was connected to the trigger channel of the oscilloscope. A high frequency antenna was positioned approximately 20 cm far from the sample to couple electromagnetic wave produced by PD activities. The pulse data was transferred to a personal computer cycle by cycle utilizing a General-Purpose Interface Bus(GPIB) card. During each test, at minimum of 500 PD pulses were acquired and stored in order to get further statistical properties.
By changing the on time of positive voltages, repetitive square wave voltages with different duty cycles can be obtained and shown in Tab. 1. 
III. EXPERIMENTAL RESULTS

A. Square wave voltage generator disturbance analysis
When performing PD detection at impulse voltages, in order to increase the signal to noise ratio (S/N) as much as possible, filters should be used to suppress the disturbance produced by the switch on/off of the generator [4] . When there is no PD, typical output of the antenna and generator is shown in Fig.2(a) . Fig. 2 (b) depicts a pulse and its frequency spectrum of the disturbance generated near the rising flanks of the square wave voltage. It can be seen that the energy of disturbance produced by generator goes mainly up to 0.6 GHz. 
B. The first PD
As shown in Tab. 1, the on time of positive voltage was changed from 1 μs (very low duty cycle, 0.005%) to 10,000μs (duty cycle 50%). When the duration time was from 1 to 2 μs, no PD were detected because of the positive voltage on-time was not long enough to allow for injection of initial electrons able to give rise to PD. When the positive voltage duration time was 4 μs, the first one PD occurred at the 11th cycle of 50, as reported in Fig. 3a . The magnitude of this PD, occurring after around 1 μs of the rising flank, is about 5 mV. The waveform and frequency spectrum of this PD pulse are shown in Fig. 3b . After comparison with the spectrum of generator disturbance reported in Fig. 2 , it can be seen that high frequency energy of PD mainly distribute in 0.6 to 1.0 GHz. Therefore, filters are not necessary to suppress disturbance from generator, since PD pulse can be easily distinguished from disturbance in time and frequency domains (especially if the PDBase, having the TF map for noise suppression, is used) [5] . 
C. PD features when changing duty cycles (positive on time)
When positive voltage on time was 6 μs, PD occur in 4 of 150 cycles. PD pulses may have different types of distributions, as shown in Fig.4a to d . It is noticeable that more than one PD, with small magnitude, can be present near the falling flank in some cycles (see Fig.4d ). It can be seen in Fig. 5 that when positive voltage-on time increases from 6 to 100 μs, more than one PD pulse with low magnitudes can occur at falling flanks (the PD pulses recorded in one cycle are shown in Fig.6 ), which gives rise to types of patterns having two PD clusters (see Fig.5b, d, f) . The PD magnitudes of one group increases with increasing delay time, while PD in the other group have much lower magnitude. Comparing Fig.4d and Fig.6b , it can be speculated that the PD group with lower magnitude is mainly composed of the PD pulses occurring after the first PD at the negative voltage flanks. Fig.7 . It can be seen that when positive voltage on time goes from 8 μs to 100 μs, i.e. duty cycle varies from 0.04% to 0.5% PD magnitudes increase significantly at both positive and negative voltage slopes, tending to steady values after 100 μs of impulse duration. Fig. 8 reports PD mean repetition rates for different voltage-on times (thus duty cycles). Indeed, 100 μs seems to be a critical duration value, below and above which PD present different statistical features. The explanation of this result could be that 100 μs is a time needed to initiate steadily PD events at the test voltage [6] . For times ≥ 100 μs, one or more PD events can be observed in almost each pulse at positive and negative voltage waveform slopes, giving rise to the relatively stable magnitude and occurrence time. This might be related with trapping/detrapping times of the charges brought about by each PD pulse. From the large amount of PD tests reported in this study, it can be seen that short duty cycles (e.g., with positive voltage duration shorter than 100 μs) can: (1) induce asymmetry in the PD patterns. In particular, square wave voltages of shorter on times give rise to PD at negative voltage having shorter delay time. Since the voltage duration becomes comparable with the statistical time lag for a starting electron, the probability of incepting a positive PD might be reduced remarkably. (2) give rise to more than one PD pulse in the negative voltage flanks of each cycle, very close to the peak of the disturbance pulses. This would complicate PD detection, since PD and disturbance pulses can likely overlap and some low-magnitude PD pulses might be missed, thus causing not accurate RPDIV tests results. Therefore, square voltage having voltage on timer longer than 100 μs should be used to obtain high signal to noise ratio when performing inception voltage tests according to IEC standards.
DISCUSSION and CONCLUSIONS
The effect of repetitive square voltage duty cycle on PD features was investigated by PD tests performed on singlecontact crossed wires.
Results show that short duty cycles (e.g., with positive voltage duration shorter than 100 μs) can induce asymmetry in the PD patterns. In particular, square wave voltages of shorter duration give rise to PD at negative voltage having shorter delay time. Moreover, when the voltage duration becomes comparable with the statistical time lag for a starting electron, the probability of incepting a positive PD might be reduced remarkably. Therefore, lower square voltage duty cycles can induce asymmetry PD patterns.
The specific features of PD phenomena associated with voltage surges having short pulse width, i.e. PD and disturbance voltage impulses that can overlap with high probability, complicate PD detection and some low-magnitude PD pulses would be missed. This can affect RPDIV estimation.
According to the results obtained in this study, the impulsive voltage having width larger than 100 μs is thus preferable to increase the probability of incepting and detecting PD when performing RPDIV measurements. Moreover, too low or too high duty cycles are not suggested since they induce PD pattern asymmetries, which are not beneficial to achieve a sufficient signal to noise ratio.
